Cranial radiotherapy induces progressive and debilitating declines in cognition that may, in part, be caused by the depletion of neural stem cells. The potential of using stem cell replacement as a strategy to combat radiation-induced cognitive decline was addressed by irradiating athymic nude rats followed 2 days later by intrahippocampal transplantation with human neural stem cells (hNSC). Measures of cognitive performance, hNSC survival, and phenotypic fate were assessed at 1 and 4 months after irradiation. Irradiated animals engrafted with hNSCs showed significantly less decline in cognitive function than irradiated, sham-engrafted animals and acted indistinguishably from unirradiated controls. Unbiased stereology revealed that 23% and 12% of the engrafted cells survived 1 and 4 months after transplantation, respectively. Engrafted cells migrated extensively, differentiated along glial and neuronal lineages, and expressed the activity-regulated cytoskeleton-associated protein (Arc), suggesting their capability to functionally integrate into the hippocampus. These data show that hNSCs afford a promising strategy for functionally restoring cognition in irradiated animals. Cancer Res; 71(14); 4834-45. Ó2011 AACR.
Introduction
Ionizing radiation is an effective treatment for intracranial malignancies, but such therapy can induce serious adverse effects to normal tissues distal to the tumor site. Although changes involving gross tissue destruction, for example, necrosis, are not common, a significant number of patients surviving more than 6 months postradiotherapy suffer cognitive impairment that severely impacts quality of life (1, 2) . The types of impairments observed encompass a broad range of cognitive domains, including disrupted memory, attention, concentration, and executive function, such as planning and multitasking (3, 4) . These decrements are debilitating, persistent, and progressive and are especially problematic in pediatric patients (5, 6) . Pharmacologic interventions targeted to specific central nervous system (CNS) receptors and signaling pathways have shown some promise (7) (8) (9) (10) , but, to date, none have provided the potential benefit of replacing lost or damaged cells associated with cognitive performance. This serious, currently untreated side effect is considered one of the most critical criteria for determining long-term quality of life (1) .
The mechanisms underlying radiation-induced cognitive impairment are not well understood and are likely multifaceted involving microenvironmental factors such as oxidative stress and inflammation, which, in turn, can influence neural stem/progenitor cell (NSC) populations associated with cognitive function (3, 7, 8, (11) (12) (13) (14) (15) (16) . It is hypothesized that the relative radiation sensitivity of hippocampal NSC and their responsiveness to alterations in the microenvironment constitute critical factors in the development of learning and memory impairments (13) (14) (15) (17) (18) (19) .
After irradiation, surviving NSCs respond by engaging a stress response that alters proliferation, metabolism, survival, and differentiation (12, 13) , as well as the expression patterns of behaviorally activated immediate early genes such as activity-related cytoskeleton-associated protein (Arc; ref. 20) . Given that the function of surviving NSCs may be adversely affected by irradiation, there is a strong rationale for pursuing transplantation-based stem cell strategies for improving cognition after cranial irradiation. Although bone marrow transplants have been used for years to reconstitute the hematopoietic system after ablative irradiation (21) , the application of stem cell therapies to reduce radiation-induced normal tissue damage has thus far been restricted to the amelioration of xerostomia (22) .
Recently, we used human embryonic stem cells in a rodent model to ameliorate cognitive impairment associated with ionizing irradiation (23) . Although the results from that study were provocative, the use of human pluripotent embryonic stem cells has potential safety concerns such as teratoma formation (24) , and is associated with complex ethical issues (25) . Given these potential limitations, the identification and functional characterization of additional cell types for replacement strategies are major priorities within the stem cell community. Consequently, the focus of the present study was to establish the behavior of a lineage-restricted neural stem cell of human origin (hNSC) engrafted into an irradiated brain and to determine whether those cells could safely attenuate radiation-induced cognitive impairment. Furthermore, to address the possible mechanisms by which engrafted hNSCs might prevent cognitive decline (or improve cognition), we quantified engrafted cell survival by unbiased stereology and characterized the phenotypic fates of engrafted cells at 1 and 4 months postirradiation. Remarkably, a subpopulation of engrafted cells expressing Arc was identified, suggesting that some of the transplanted hNSCs were capable of forming new synapses within existing hippocampal circuitry. Here we describe our studies characterizing the capability of engrafted hNSCs to forestall the development of radiation-induced cognitive decline.
Materials and Methods

Animals and irradiation
All animal procedures were carried out in accordance with NIH and Institutional Animal Care and Use Committee guidelines. Host-mediated immune rejection and survival after cell engraftment are key factors that determine the success of xenograft models and stem cell-based therapies. For this reason, the constitutively immunodeficient athymic nude (ATN) rat model was used here, as in our previous study (23) . A total of 65 young, male (2-month-old) ATN rats (strain 02N01 Cr:NIH-rnu; National Cancer Institute), maintained in sterile conditions, were used in this study. Animal groups included the following: nonirradiated sham surgery controls (CON; 1 month, n ¼ 12; 4 month, n ¼ 8); irradiated sham surgery (IRR; 1 month, n ¼ 9; 4 month, n ¼ 12); and irradiated with engrafted hNSCs (IRR þ hNSC; 1 month, n ¼ 12; 4 month, n ¼ 8). An additional cohort of hNSC-engrafted animals (IRR þ hNSC; n ¼ 4) was employed for our analysis of behaviorally induced Arc protein. Anesthetized rats were exposed to cranial g-irradiation . Two-month-old athymic nude rats receiving 10 Gy head-only irradiation were engrafted with hNSCs 2 days later. At 1 or 4 months following surgery, animals were subjected to cognitive testing, using the hippocampal dependent NPR task and then euthanized for engrafted cell survival and differentiation analyses. Control and irradiated animals receiving sterile vehicle served as sham surgery groups. Scale bars: A-C, 10 mm; D-I, 50 mm.
irradiator (J.L. Shepard and Associates Mark I) at a dose rate of 2.07 Gy/min, as previously described (20) .
hNSCs and transplantation surgery The use of human stem cells in this study was approved by UCI's Human Stem Cell Research Oversight Committee (hSCRO). The ENStem-A cell line (hNSCs; EMD Millipore) was used in this study. Each lot is routinely validated by the manufacturer for high levels of expression of nestin and Sox2, and low-level expression of Oct-4, along with the ability to differentiate into multiple neuronal phenotypes and to maintain a normal karyotype after multiple passages. In our laboratory, hNSCs maintained as monolayers in neural expansion media (Millipore) displayed abundant expression of Sox2 and nestin and retained their ability to differentiate, as described previously (13) . For the present studies, hNSCs were used at passages 4 to 8. Prior to engraftment, hNSCs were labeled with 5-bromo-2 0 -deoxyuridine (BrdUrd; SigmaAldrich) by supplementing the hNSC culture media with 4 mmol/L BrdUrd for 3 days. BrdUrd incorporation was detected using immunocytochemistry and visualized using a mouse anti-BrdUrd antibody (1:200 dilution; Invitrogen), as described previously (23) . The in vitro BrdUrd index for all transplantation studies was 90 AE 2.2% (mean AE SEM, n ¼ 12).
Cultures of hNSCs, prepared as described, were then used for the subsequent studies detailed in the schematic illustration of our research design (Fig. 1J) . Irradiated rats received bilateral, intrahippocampal engraftment of BrdUrd-labeled hNSCs 2 days after cranial irradiation (IRR þ hNSC). A total of 1.0 Â 10 5 live hNSCs were injected in 1 mL of the cell suspension by using a 33-gauge microsyringe at an injection rate of 0.25 mL/min. Both hippocampi received 4 distinct injections (total 4.0 Â 10 5 live hNSCs per hemisphere) by using precise stereotaxic coordinates (23) . Control and irradiated rats receiving sterile vehicle (neural expansion media) at the same stereotaxic coordinates served as sham surgery groups.
Assessment of cognition
Groups of rats were tested on a novel place recognition (NPR) task at 1 or 4 months postengraftment. The NPR task uses spontaneous exploration as a means of assessing spatial recognition memory, which has been shown previously to rely on intact hippocampal function (26, 27) . A standard protocol (23) was followed employing Ethovision XT software (v5.0; Noldus Information Technology, Inc.) for automated tracking and exploration detection, with exploration defined as the animal's head being directed toward and located within a 2-cm radius of the stimulus.
Immunohistochemistry, stereology, and confocal microscopy At 1 and 4 months postengraftment (after cognitive testing), animals were euthanized by intracardiac perfusion with 4% paraformaldehyde. Processing of all tissue sections followed standard procedures (23) . For studies of Arc protein, a separate cohort of animals was subjected to the NPR task, decapitated exactly 30 minutes later, and their brains were frozen in isopentane and sectioned coronally as described previously (20) .
For stereologic quantification, every 10th section through the entire hippocampus was processed for BrdUrd immunostaining (mouse anti-BrdUrd, clone AH4H7-1/131-14871, 1:200; Millipore). Color was developed using the avidin-biotincomplex method and enhanced diaminobenzidine substrate (Vector Labs), and all sections were counterstained with hematoxylin. Stereologic enumeration was conducted using an Olympus BX60 microscope equipped with an MBF CX9000 color digital camera, 100Â (oil-immersion, 1.30NA) objective lens, 3-axis motorized stage and StereoInvestigator software (MBF Biosciences, v9). The yield of surviving hNSCs was quantified by counting BrdUrd-positive nuclei using the optical fractionator probe, and systematic random sampling of the BrdUrd-stained section was carried out according to unbiased stereology principles. Sampling parameters (grid and counting frame size) were empirically determined to achieve low coefficients of error (<0.031 AE 0.002; n ¼ 8) for each hippocampus.
For dual immunofluorescence analyses, we utilized antiBrdUrd (purified rat, 1:200; Millipore), anti-neuron-specific nuclear antigen (anti-NeuN; mouse, 1:250; Millipore), antiglial fibrillary acidic protein (anti-GFAP; mouse, 1:500; Invitrogen), antinuclei (human specific antinuclei, HuNu, mouse clone 235-1, 1:150; Millipore), nestin (mouse, 1:200; Millipore), Ki67 (rabbit, 1:150; Millipore), S100b protein (S100, 1:200, rabbit; Millipore), and b-III-tubulin (Tuj1, rabbit, 1:200; Covance) antibodies and polyclonal rabbit anti-Arc antibody (1:500; a kind gift from Dr. P.F. Worley, Johns Hopkins University, Baltimore, MD). The secondary antibodies included biotinylated antimouse, antirat, and antirabbit IgG (goat and donkey, 1:200; Vector Labs), goat antimouse, antirat, and antirabbit IgG conjugated to Alexa Fluor (488 and 594, 1:200; Invitrogen). For the quantification of hNSC differentiation, representative hippocampal sections from 4 to 6 distinct transplant sites derived from 4 engrafted animals were subjected to dual immunofluorescence staining. Sections were immunostained for BrdUrd in conjunction with neuronal (NeuN and Tuj1), astrocytic (GFAP and S100), cell-cycle, and multipotent markers (Ki67 and nestin) using standard protocols and analyzed using laser scanning confocal microscopy (Nikon Eclipse TE2000-U, EZ-C1 interface), as described previously (23) . Analysis of Arc expression was accomplished using a Zeiss Axio Imager Z1 microscope equipped with a motorized Z-drive for transmitted light and epifluorescence (20) . Analyses of Z-sections were carried out using 1-mm stack intervals, and orthogonal image reconstruction was done using Nikon Elements AR software (v3.10).
Statistical analyses
Exploration ratio, or the proportion of total time spent exploring the novel spatial location (t novel /t novel þ t familiar ), was used as the main dependent measure for statistical analyses. We analyzed the behavior of the animals during minute 1 of the 5-minute and 24-hour test phases; previous research has shown that preference for the novel place diminishes after the first minute, as the spatial locations become equally familiar to the animals (26) . To establish baseline exploratory behavior, we also analyzed exploration of the stimuli during the initial familiarization phase.
Analyses of cognitive data were carried out using PASW Statistics version 17.0 (SPSS Inc.). Analyses for the 1-and 4-month posttransplantation times were conducted separately. Group sample sizes for the statistical analyses were as follows: CON (1 month, n ¼ 12; 4 month, n ¼ 8); IRR (1 month, n ¼ 9; 4-month, n ¼ 12); and IRR þ hNSC (1 month, n ¼ 8; 4 month, n ¼ 8). In all cases, statistical tests were 2-tailed, and values of P < 0.05 were considered statistically significant.
Exploration ratio data were analyzed using univariate ANOVAs for the 5-minute and 24-hour test phases. In all cases, we confirmed that the data were normally distributed using the Kolmogorov-Smirnov test, and that the error variances did not differ between groups by using Levene's test of equality of error variances. When a statistically significant overall group effect was found, multiple comparisons were made using Fisher's protected least significant difference (FPLSD) post hoc tests to compare the individual groups. Additional analyses of recognition memory were conducted using 1-sample t tests to determine whether the mean proportion of time spent exploring the novel spatial location for each group differed significantly from chance (i.e., 0.5). For stereologic analyses, 2-tailed Student's t tests were used and a value of P 0.05 was considered statistically significant.
Results
Characterization of hNSCs
The EnStem-A hNSC line used in this study was characterized for the expression of multipotent markers in vitro. hNSCs maintained as monolayers displayed abundant expression of Sox2 and nestin (13) . To trace the presence of grafted cells in host tissue, hNSCs were labeled with BrdUrd in vitro. Immunostaining against human-specific nuclear antigen (HuNu) was used to cross-validate the presence of BrdUrd þ human cells in brain sections of rats engrafted with hNSCs ( Fig. 1) . Dual labeling of BrdUrd and HuNu was confirmed in vitro ( Fig. 1A-C) , and the correspondence between these 2 markers in vivo at 1 month ( Fig. 1D-F ) and 4 months ( Fig. 1G-I ) postgrafting indicated that grafted cells did not undergo extensive proliferation. A schematic illustration of our research design is shown in Figure 1J .
hNSC engraftment restores cognition One month postengraftment. One month after engraftment, rats were habituated and tested on the NPR task. For the 5-minute test, group means and 95% CIs were as follows: IRR (mean ¼ 0.159, 95% CI ¼ À0.097 to 0.415); CON (mean ¼ 0.822, 95% CI ¼ 0.653-0.990); and IRR þ hNSC (mean ¼ 0.888, 95% CI ¼ 0.775-0.999). An overall significant group difference was found for exploration ratio following the short, 5-minute retention interval [ Fig. 2A ; F(2, 26) ¼ 21.58; P < 0.001]. IRR animals showed significantly decreased preference for the novel spatial location compared with both CON (P < 0.0001) and IRR þ hNSC (P < 0.0001) animals. In contrast, IRR þ hNSC animals showed similar preference for the novel spatial location as nonirradiated controls (P ¼ 0.587). Furthermore, 1-sample t tests comparing group exploration ratios to chance (i.e., 0.5) revealed that like controls (P ¼ 0.001), IRR þ hNSC animals explored the novel spatial location significantly more than expected by chance (P < 0.001), whereas IRR animals explored the novel spatial location significantly less than expected by chance (P ¼ 0.015).
Following the 24-hour delay (Fig. 2B ), IRR animals (mean ¼ Fig. 2C and D, respectively ). An overall group difference was found when exploration time was assessed during the familiarization phase, when the 2 spatial positions were equally unfamiliar to the animals [ Fig. 2E; F Four months postengraftment. In a separate experiment, rats were habituated and tested on the NPR task 4 months postengraftment. For the 5-minute test, group means and 95% CIs were as follows: IRR (mean ¼ 0.394, 95% CI ¼ 0.133-0.655); CON (mean ¼ 0.781, 95% CI ¼ 0.517-1.045); and IRR þ hNSC (mean ¼ 0.691, 95% CI ¼ 0.487-0.895). An overall significant group difference was found for exploration ratio following the short, 5-minute retention interval [ Fig. 3A ; F(2, 25) ¼ 3.512, P ¼ 0.045]. IRR animals showed significantly decreased preference for the novel spatial location compared with control animals (P ¼ 0.021), whereas IRR þ hNSC animals showed similar preference for the novel spatial location as controls (P ¼ 0.606). One-sample t tests revealed that CON animals explored the novel spatial location significantly more than expected by chance ( Fig. 3A ; P ¼ 0.04). Similarly, IRR þ hNSC animals tended to explore the novel place more than chance (P ¼ 0.062) whereas IRR animals did not (P ¼ 0.391), suggesting that they did not remember the familiar spatial location following the 5-minute delay interval.
A significant overall group effect was found on the 24-hour test [ Fig. 3B, F(2, 25) ¼ 5.029; P ¼ 0.014], and post hoc tests showed that IRR animals (mean ¼ 0.134, 95% CI ¼ À0.072 to 0.340) were impaired compared with CON (mean ¼ 0.628, 95% CI ¼ 0.339-0.916, P ¼ 0.004) whereas IRR þ hNSC animals (mean ¼ 0.363, 95% CI ¼ 0.065-0.660) did not differ from CON (P ¼ 0.153). Furthermore, 1-sample t tests showed that IRR animals explored the novel spatial location significantly less than expected by chance (P ¼ 0.002). Similar trends were observed in plots of total time spent exploring the novel and familiar spatial locations across the 3-minute test sessions for both the 5-minute and 24-hour test phases (Fig. 3C and D , respectively). Group differences were also found when exploration time was assessed during the initial familiarization phase [ Fig. 3E; F(2, 25) hNSCs survive and migrate throughout the host hippocampus at both 1-and 4-month time points
Analysis of brain sections from the 1-month postengraftment group using BrdUrd immunostaining revealed the presence of engrafted cells in the host hippocampus (Fig. 4A-D) . Engrafted cells migrated extensively from the injection site throughout the hippocampus. Further analyses of BrdUrdstained sections showed grafted cells in the dentate gyrus (DG), dentate hilus (DH), and CA3 and CA1 subfields (Fig 4A-D) and partly in corpus callosum (CC; Fig. 4A ). Similar incorporation and migration patterns of engrafted cells were observed in the 4-month postengraftment group. In addition, engrafted cells were found to target the dentate subgranular zone (SGZ), the neurogenic niche of the hippocampus, at both the 1-and 4-month postengraftment time points, corroborating our previous findings with hNSCs (23) . 
Phenotypic fate of engrafted hNSCs
To ascertain the fate of engrafted cells, glial, neuronal, and functional markers were assessed in conjunction with BrdUrd labeling 1 and 4 months after grafting. BrdUrd þ /NeuN þ engrafted cells were observed throughout the hippocampus at both times ( Fig. 5A and C) . Notably, mature neuronal morphology, as shown in orthogonal reconstructions ( Fig. 5a and c) , was predominantly located in the SGZ and CA1 subfields of the hippocampus. Astrocytic differentiation (BrdUrd þ /GFAP þ ) was also apparent at both postengraftment times (Fig. 5B, b and D, d ). Although BrdUrd þ /GFAP þ engrafted cells were located throughout the hippocampus, astrocytic differentiation was most predominant in the CC.
To investigate the impact of the irradiated tissue bed on the phenotypic fate of engrafted hNSCs, we quantified the expression of neuronal and astrocytic markers (Fig. 6B-D) . To determine the cell-cycle and multipotent status of engrafted cells, nestin and Ki67 staining were assessed ( Fig. 6A and B) . Quantification of engrafted cells revealed 12% mature (NeuN þ ) and 9% immature (Tuj1 þ ) neuronal differentiation at 1 month postengraftment (Fig. 6B) . Astroglial differentiation at this time showed equal distributions ($16% each) of mature (S100b þ ) and immature (GFAP þ ) astrocytic cell types (Fig. 6B) . Thus, 1 month after transplantation, 21% of engrafted cells differentiated into neurons and 32% into and 27% immature (GFAP þ ; Fig. 6B ), yielding total cell fates of 15% neuronal and 46% astrocytic (Fig 6C) . In addition, 1% and 4% of the engrafted (BrdUrd þ ) cells remained positive for nestin whereas 4% and 2% stained positive for Ki67 at 1 and 4 months postengraftment, respectively (Fig. 6B) . Extrapolating these yields of differentiated cell types based on stereologic estimates, transplantation of hNSC resulted in the addition of approximately 26,000 neurons and 39,000 astrocytes at 1 month postengraftment whereas approximately 7,500 neurons and 22,700 astrocytes were added at 4 months postengraftment (Fig. 6D ) into each hemisphere of irradiated animals.
Engrafted hNSCs express behaviorally induced Arc
Our past (23) and current works show that hippocampal engrafted pluripotent or multipotent stem cells develop along glial and neuronal lineages. The fact that a subset of engrafted cells adopted mature neuronal morphology within the CA1 subfield suggested that these cells might have integrated into the hippocampal circuitry. To test this idea, a cohort of animals euthanized 30 minutes after testing on the NPR task was analyzed for the presence of Arc-positive engrafted cells. A representative sample of hNSCs ($150 engrafted cells/animal) was assessed for the coexpression of BrdUrd and the behaviorally-induced immediate early gene product, Arc (Fig. 7) . Approximately 70 of these engrafted cells (i.e., 11% AE 4%,
were predominantly located in the CA1 area (Fig. 7A) . A small fraction of the BrdUrd þ /Arc þ cells also colabeled with NeuN ( Fig. 7B-M) .
Discussion
Here we report that intrahippocampal engraftment of hNSCs prevented the development of radiation-induced cognitive impairment, showing that engraftment of multipotent stem cells can protect the brain from a serious side effect of cranial irradiation. Following irradiation and engraftment, hNSCs survived, migrated extensively throughout the hippocampus, and expressed neuronal and astrocytic markers (Figs. 4-6 ). Engrafted cell survival quantified by unbiased stereology revealed that 23% and 12% of the transplanted cells survived at 1 and 4 months, respectively (Fig. 4) . Quantification of phenotypic fate of the engrafted hNSCs at these times revealed the addition of both immature and mature neurons and astroglial cell types in the irradiated hippocampus (Fig. 6) . Thus, as few as approximately 100,000 surviving cells (15% neuronal, 45% astroglial) in the irradiated brain were sufficient to prevent the cognitive deficits observed in irradiated rats receiving no engraftment. Although the mechanism(s) of stem cell-based cognitive rescue has not been elucidated, it is likely that some combination of functional replacement and/or trophic support is playing a role. The identification of Arc-positive engrafted cells suggests that the transplanted hNSCs can functionally integrate into the hippocampal circuitry (Fig. 7) , which points to a possible mechanism for stem cell-based effects on cognition after cranial irradiation.
The assessment of cognitive performance was accomplished using an NPR task. Successful performance of this task depends on intact hippocampal function (26, 27) . The present findings corroborate prior behavioral findings and suggest that radiation-induced alterations in cognition are caused, in part, by injury to the hippocampus (28, 29) . Irradiated animals that received vehicle injections exhibited significantly impaired NPR, showing that short-(5 minutes) and long-term (24 hours) memory for a specific spatial arrangement of the objects was impaired by exposure to 10 Gy head-only irradiation (Fig. 2) . In contrast, irradiated animals transplanted with hNSCs (IRR þ hNSC) did not display impaired spatial memory and their performance was comparable with that of unirradiated controls, showing the ability of engrafted cells to prevent radiationinduced cognitive dysfunction.
The behaviorally induced immediate early gene Arc, and its protein product, is induced in the hippocampus by spatial exploration (30) (31) (32) . Arc is rapidly activated by robust patterned synaptic activity related to learning and memory behavior (33) , and altering Arc expression impairs spatial learning and long-term potentiation (34) . Therefore, Arc expression has been used extensively to map neuronal networks that underlie information processing and plasticity (30, 31) . Our data showing the presence of BrdUrd
suggest that some of the transplanted cells integrated into existing neuronal circuits (Fig. 7) , although the full extent of such integration and its functional significance remains to be determined. A recent report found a gradual, time-dependent increase in Arc expression in newly born DG cells that eventually differentiated into mature neurons and incorporated into the hippocampal circuitry (35) . Stereologic estimates derived from the 1-month postgrafting time showed an average survival of 123,000 engrafted cells per hippocampus. Extrapolating this number yields approximately 13,500 cells expressing Arc in each hippocampus or approximately 27,000 per brain. Whether these engrafted cells prevent cognitive decline or actually improve cognition is uncertain at this time, but the recent finding of super-connected "hub" cells in the brain (36, 37) suggests the intriguing possibility that engrafted stem cells may be preferentially recruited as such cells to foster and preserve the functional connectivity of the CNS (37) . Functional integration of engrafted hNSCs within the hippocampus may not be necessary or sufficient for cognitive rescue. Restoration of damaged synaptic circuits may also require the presence of glial cells to support preexisting neurons. Grafted glial cells may serve to repair or improve the function of existing cells either directly, or indirectly, by mediating the remodeling of the irradiated microenvironment (38, 39) . We found 32% and 46% astroglial differentiation of engrafted hNSCs at 1-and 4-month postengraftment group, respectively (Fig. 6C ). This resulted in the addition of 78,000 and 45,000 astrocytes (Fig. 6D) in the irradiated hippocampus. Significant past work using various injury and disease models suggests that engrafted cells secrete a range of beneficial growth factors, such as glial cell line-derived neurotrophic factor (40, 41) , and brain-derived neurotrophic factor (42) . The positive influence that engrafted cells have on cognition is noteworthy given the duration of the postirradiation intervals and the multifaceted nature of learning and memory. Future studies will determine whether engrafted cells exert longerlasting changes in synaptic plasticity, if that effect is dependent on integration of cells into the hippocampal circuitry and/or if it is facilitated through trophic support. The hNSCs used here were multipotent based on marker expression in vitro (13) , and the BrdUrd labeling indices of the cells was approximately 90%. Noteworthy too was the absence of any overt adverse cognitive sequelae (e.g., ataxia) in the cohort of animals receiving hNSC grafting, suggesting that intracranial teratogenesis and/or hyperproliferation was not problematic over the duration of this study. This was supported by the small fraction of transplanted cells that remained multipotent (nestin þ ) and/or retained their capacity to proliferate (Ki67 þ ; Fig. 6A and B) . Analysis of brain sections revealed that engrafted cells migrated extensively throughout the hippocampus (Fig. 4) . Engrafted cells near the SGZ or at other hippocampal sites such as the CA1 showed characteristic signs of differentiation, as mature neurons and glia developed morphology that is distinct to those lineages (Figs. 5 and 6).
Our current studies have now clearly shown the benefits of engrafted stem cells for reversing cognitive impairments following cranial irradiation. Moving these promising results into the clinic for the treatment of radiation-induced cognitive dysfunction along with other degenerative conditions will require careful consideration of many potential limitations including immunorejection and tumorigenesis (24) . Use of patient-derived induced pluripotent stem cells may one day alleviate certain practical concerns (43) , but considerable effort is still required to further define mechanisms and optimal treatment parameters. These efforts will help determine the timeline and feasibility of using similar stem cell-based therapies as safe and effective options in humans. The capability to minimize the adverse cognitive sequelae associated with cranial radiotherapy is encouraging and points to the promise of using stem cell-based strategies for minimizing normal tissue damage.
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